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$ QRYHO K\EULG DGGLWLYH PDQXIDFWXULQJ $0 WHFKQRORJ\ FRPELQLQJ GLJLWDO OLJKW SURMHFWLRQ
'/3VWHUHROLWKRJUDSK\6/ZLWK'PLFURGLVSHQVLQJDORQJVLGHFRQYHQWLRQDOVXUIDFHPRXQW
SDFNDJLQJ LV SUHVHQWHG LQ WKLV ZRUN 7KLV WHFKQRORJ\ RYHUFRPHV WKH LQKHUHQW OLPLWDWLRQV RI
LQGLYLGXDO$0SURFHVVHVDQGLQWHJUDWHVVHDPOHVVO\ZLWKFRQYHQWLRQDOSDFNDJLQJSURFHVVHVWR
HQDEOH WKH GHSRVLWLRQ RI PXOWLSOH PDWHULDOV 7KLV IDFLOLWDWHV WKH FUHDWLRQ RI EHVSRNH HQGXVH
SURGXFWV ZLWK FRPSOH[ WKUHHGLPHQVLRQDO JHRPHWU\ DQG PXOWLOD\HU HPEHGGHG HOHFWURQLF
V\VWHPV 7KURXJK D FRPELQDWLRQ RI IRXUSRLQW SUREH PHDVXUHPHQW DQG QRQFRQWDFW IRFXV
YDULDWLRQPLFURVFRS\ LWZDV LGHQWLILHG WKDW WKHUHZDVQRREYLRXV DGYHUVH HIIHFWRI'/36/









ERWK WKH HOHFWULFDO LQWHUFRQQHFWLRQV EHWZHHQ HOHFWURQLF FRPSRQHQWV DQG WKH SK\VLFDO VWUXFWXUHV IRU

































































V\VWHPV PHGLFDO GHYLFHV FRQVXPHU JRRGV DQG DHURVSDFH UHTXLUH KLJK YDOXH RQGHPDQG IXOO\
IXQFWLRQDO HOHFWURPHFKDQLFDO SURGXFWV ZLWK FRPSOH[ WKUHHGLPHQVLRQDO VWUXFWXUHV ZKLFK FUHDWHV
FKDOOHQJHVLQWKHSURGXFWLRQRIWUDGLWLRQDO3&%EDVHGHOHFWURQLFV'XHWRWKHPDQXIDFWXULQJIOH[LELOLW\




PDWHULDO WKUHHGLPHQVLRQDO ' VWUXFWXUHV ZLWK HPEHGGHG HOHFWURQLFV D K\EULG $0 WHFKQRORJ\ RI



























SULQWLQJ HOHFWURQLF VWUXFWXUHV ': HQFRPSDVVHV D QXPEHU RI SURFHVVHV LQFOXGLQJ LQNMHW SULQWLQJ
GLVSHQVLQJDHURVROMHWWLQJHWFDQGLVFDSDEOHRISULQWLQJHOHFWURQLFVWUXFWXUHVFRQGXFWRUVLQVXODWRUV










































































































































IRU WKH LQWHJUDWLRQ RI HOHFWURQLF VWUXFWXUHV FRPSDUHG ZLWK RWKHU $0 SURFHVVHV 7KXV 6/ KDV EHHQ




































































KHLJKW RI PP >@ 7KHUHIRUH SUHPDGH FDYLWLHV KDYH WR EH EXLOW IRU WKH FRPSRQHQWV ZKLFK PD\
DGYHUVHO\ DIIHFW WKH LQWHJULW\ RI WKH ZKROH GHYLFH DQG DUH QRW W\SLFDOO\ FRPSDWLEOH ZLWK PRVW




FXULQJVWHS$OWHUQDWLYHO\PRVWRI VXFK LQWHUFRQQHFWVZHUH OHIWRQ WKHRXWHU VXUIDFHRI WKHSDUW >@









DQG SDFNDJLQJ RI HOHFWURQLF FRPSRQHQWV ZLWKLQ D WKLFN SRO\PHUL]HG OD\HU ,QQRYDWLYH YHUWLFDO
FRQGXFWLYH SLOODUV ZHUH FUHDWHG XVLQJ ' PLFURGLVSHQVLQJ SURFHVV RI KLJKO\ YLVFRXV PDWHULDOV WR
SURYLGH UHOLDEOH LQWHUFRQQHFWLRQVEHWZHHQQHLJKERXULQJFLUFXLWU\ OD\HUV7KHHIIHFWVRI WKH'/36/
HPEHGGLQJRQWKHHOHFWULFDOSHUIRUPDQFHRISULQWHGFRQGXFWRUZHUHV\VWHPDWLFDOO\LQYHVWLJDWHGYLDIRXU











































































GHSRVLWHG ZLWK WKH FLUFXLWU\ WR JHQHUDWH YHUWLFDO HOHFWULFDO FRQQHFWLRQ EHWZHHQ DGMDFHQW OD\HUV RI
FLUFXLWU\7KHFRPSRQHQWLQWHUFRQQHFWVDUHDOVRSULQWHGDWWKLVVWDJH1H[WVXUIDFHPRXQWGHYLFH60'
FRPSRQHQWVDUHSODFHGRQWR WKH LQWHUFRQQHFWVDQGWKHZKROHVWUXFWXUH LVSODFHGLQWRDQRYHQDW ORZ
WHPSHUDWXUH WR WKHUPDOO\FXUH WKH(&$ZLWKRXWGDPDJLQJWKHSKRWRSRO\PHUVXEVWUDWH7KH'/36/
SURFHVVLVWKHQHPSOR\HGWRHPEHGWKHZKROHFLUFXLWLQFOXGLQJVLOYHUFRQGXFWRUVHOHFWURQLFFRPSRQHQWV
DQG WKHSLOODUVZLWKLQ WKHVDPH UHVLQ OD\HU5HSHDWLQJVWHS E± H D'SULQWHG VWUXFWXUHZLWKDQ
HPEHGGHG PXOWLSOHOD\HU HOHFWURQLF V\VWHP FDQ EH EXLOW )LQDOO\ WKH ZKROH VWUXFWXUH LV 89 SRVW
SURFHVVHGWRFRPSOHWHWKHFURVVOLQNLQJRIWKH6/UHVLQ































































2.2. DLP SLA process 
'/36WHUHROLWKRJUDSK\ZDVHPSOR\HGIRUWKHSRO\PHUPDWUL[IDEULFDWLRQDQGHOHFWURQLFVHPEHGGLQJLQ
WKLVZRUN ILJXUHE7KLV WHFKQLTXHXVHVDGLJLWDOPLFURPLUURUGHYLFH '0'DVDKLJKUHVROXWLRQ
G\QDPLFPDVNIRULPDJLQJOD\HUVLQ6/DSSOLFDWLRQV>±@7KLVPHWKRGGLIIHUVIURPYHFWRUVFDQ





























































































DIWHUSRO\PHUL]DWLRQZDVXS WR Û&PXFKKLJKHU WKDQRWKHUFDQGLGDWHV¶&RQVHTXHQWO\DKLJKHU
WHPSHUDWXUH FRXOG EH XVHG LQ WKH WKHUPDO FXULQJ RI SULQWHG (&$V WR DFKLHYH VXSHULRU HOHFWULFDO
FRQGXFWLYLW\





2.4. Dispensing process 
7KHGLVSHQVLQJSURFHVVLVRQHRIDYDULHW\RIGLUHFWZULWLQJ':WHFKQRORJLHVE\ZKLFKDZLGHUDQJH




2.4.1 Dispensing equipment 
$ 0XVDVKL 6KRWPDVWHU  GLVSHQVLQJ V\VWHP ZDV XVHG WR GLVSHQVH WKH FLUFXLWU\ 7KLV V\VWHP LV
FRPSULVHG RI ILYH PDLQ SDUWV D D[LV &1& URXWHU D FRPSXWHU FRQWUROOHU D GLJLWDOO\ FRQWUROOHG
GLVSHQVHU D V\ULQJH FRQQHFWHG ZLWK D SQHXPDWLF GULYHQ SXPS DQ DOLJQPHQW FDPHUD DQG D ODVHU
SRVLWLRQLQJ IHHGEDFN V\VWHP  7R HQDEOH GLVSHQVLQJ WKH SDWWHUQ RI FLUFXLW\ZDV ILUVW GHVLJQHG ZLWK













































































(&$ a P :KHQ WKH YLVFRVLW\ DQG QR]]OH ,' ZHUH GHWHUPLQHG WKH SUHVVXUH SULQW VSHHG DQG
GLVSHQVLQJ KHLJKW ZHUH V\VWHPDWLFDOO\ LQYHVWLJDWHG WR DFKLHYH WKH RSWLPDO IHDWXUHV IRU WKH GHVLJQHG
FLUFXLWU\DVFRYHUHGLQVHFWLRQ

































































































2.4.3 Vertical pillar printing 
9HUWLFDOSLOODUVZHUHILUVWO\GHYHORSHGLQWKLVZRUNIRUUHDOL]LQJUHOLDEOHLQWHUFRQQHFWVEHWZHHQFLUFXLWU\






































































DQG WKH UHVXOWDQW HIIHFWV RQ PHFKDQLFDO VWUHQJWK RI WKH IDEULFDWHG FRPSRQHQWV  WKH WRSRORJ\ RI
GLVSHQVHGFRQGXFWLYHWUDFHVDQGSLOODUVDQGWKHHIIHFWVRIFXULQJFRQGXFWLRQDQG6/HPEHGGLQJRQ
WKHFRQGXFWLYLW\RIWKHVLOYHUFRQGXFWLYHPDWHULDOV






























































































ORDGV WKH SRO\PHUL]DWLRQ WKLFNQHVV VKRXOG EH PLQLPLVHG DV WKH ERQGLQJ VWUHQJWK UHGXFHV DV OD\HU
WKLFNQHVVLQFUHDVHV































































3.2. Topology of conductive traces and pillars 
$FFXUDWHFRQWURORIWKHOLQHZLGWKRIWKHFRQGXFWRULVNH\IRUDFKLHYLQJKLJKLQWHJULW\RIWKHHOHFWURQLF




RQ WKH PRUSKRORJ\ RI GLVSHQVHG FRQGXFWRUV FDQ EH H[SORUHG 7KUHH GLIIHUHQW FXULQJ UHJLPHV ZHUH
VHOHFWHGLQDFFRUGDQFHZLWKSURGXFWGDWDVKHHWVKRXUDW&KRXUVDW&DQGKRXUVDW&












ZLGWK DQG KHLJKW 6LPLODUO\ IRU WKH SLOODUV ILYH VWUXFWXUHV ZHUH SULQWHG IRU HDFK FRPELQDWLRQ RI































































)RUERWK(&$VQRREYLRXVGLIIHUHQFHVEHIRUHDQGDIWHU FXULQJZHUH IRXQG LQ WKHSURILOHGDWD7KH
UHSUHVHQWDWLYHSURILOHVRI(-DQG(3)&ZHUHVKRZQLQILJXUH(3)&H[KLELWHGDPRUH
UHJXODU VHPLFLUFXODUSURILOHZLWK VPRRWKVXUIDFH ILQLVK WKDQ(-DQG LWVDYHUDJH OLQHZLGWKDQG

















VKRUW FRQQHFWLRQV LQ WKH FLUFXLW DQG PRUH LPSRUWDQWO\ WKH PLQLDWXUL]DWLRQ RI WKH VL]H RI WKH ZKROH





































































(- GXH WR LWV ORZHU YLVFRVLW\ WKH HQFDSVXODWHG DLU EXEEOHV FRXOG HVFDSH PXFK PRUH HDVLO\ 7KHUHIRUH
FRPSDUHGZLWK(3)&SLOODUVWKHYRLGVLQ(-SLOODUVDUHPXFKVPDOOHUDQGOHVVDEXQGDQW7RDFKLHYH
VROLGSLOODUVVRPHGHJDVVLQJWHFKQLTXHVVXFKDVYDFXXPGHJDVVLQJFRXOGEHDSSOLHGLQWKHIDEULFDWLRQSURFHVV

































































3.3. Resistivity of conductive traces 
7R LGHQWLI\ WKHHIIHFWVRI FXULQJFRQGLWLRQVDQG'/36/HPEHGGLQJRQ WKH IXQFWLRQDOLW\RISULQWHG
FRQGXFWRUV WKH UHVLVWLYLW\ RI WKH SULQWHG FRQGXFWRUV FXUHG XQGHU WKUHH GLIIHUHQW FRQGLWLRQV ZDV
LQYHVWLJDWHGERWKEHIRUHDQGDIWHU6/HPEHGGLQJ





















































































VORSH RI WKH VXEVWUDWH GXULQJ $OLFRQD PHDVXUHPHQW ILJXUH E 7KH FURVVVHFWLRQDO DUHD RI WKH
FRQGXFWLYHWUDFHZDVWKHQGHWHUPLQHGE\WKHUHJLRQEHWZHHQWKHFRQGXFWRUSRUWLRQRIWKHSURILOHDQG
WKHKRUL]RQWDOD[LV








































































































4.1. Working principle 
$SRO\PHUS\UDPLGHPEHGGHGZLWKDWULSOHOD\HUWLPHUEDVHGEOLQNLQJ/('FLUFXLWZDVIDEULFDWHG







































































4.2. Design and fabrication 
7KH GHVLJQ DQG WKH IDEULFDWLRQ VWHSV DUH VKRZQ LQ ILJXUH  7KH S\UDPLG GHPRQVWUDWRU KDV EDVH
GLPHQVLRQVDQGKHLJKWRIPPîPPDQGPPUHVSHFWLYHO\7KHWLPHUFLUFXLWLVVHSDUDWHG
























































































 76623WLPHU /(' 607FDSDFLWRU 607UHVLVWRU
/HQJWK>PP@    
:LGWK>PP@    
+HLJKW>PP@    

4.3. Finished samples 

























































































$ S\UDPLG HPEHGGHG ZLWK WKUHHOD\HU /('EOLQNLQJ FLUFXLWU\ZDV VXFFHVVIXOO\ IDEULFDWHG DV D






7KLV ZRUN LV IXQGHG E\ WKH 8. (QJLQHHULQJ DQG 3K\VLFDO 6FLHQFHV 5HVHDUFK &RXQFLO XQGHU JUDQWV
(3/(3/(3/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DYLDEOHRSWLRQ"SPIE Smart 




FRPSRQHQWVSURFHVVSODQQLQJFRQVLGHUDWLRQVProc. DETC99 1999 ASME Des. Eng. Tech. Conf.±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